Introduction
The Solar-Institut Jülich (SIJ) is running a project in which methods for optimizing thermal energy storage of the Solar Tower Jülich (STJ) are investigated [1] . Germany's first solar tower power plant for experimental and demonstration purposes was constructed in the town of Jülich in the state of North Rhine-Westphalia and was inaugurated in autumn 2009. A schematic of the plant is shown in Fig. 1 . The STJ supplies the grid with a nominal power of 1.5 MWe. The installation of the STJ was the essential step for demonstrating the solar power tower concept with open volumetric receiver technology, which uses ambient air as heat transfer fluid (HTF). A further development is realized in project SpOpt which aims to optimize the storage technology and the storage operation of the solar tower.
The focus of the work regarding the optimization approaches lies on increasing the storage efficiency and improving the flexibility and operational effectiveness of the storage system. High flexibility is a desirable property of the storage. In this context high flexibility as a property implies that the storage can be charged and discharged at any arbitrary moment in time.
The models of the concepts are implemented in an existing Matlab/Simulink ® tool which simulates the STJ. On the right side of Fig. 2 the component library for the steam cycle is shown. It consists of the following elements: boilers (stationary and dynamic), pumps, steam turbine, heat exchanger, condenser, heat exchanger, and generator, feed water tank (stationary and dynamic) and fasteners (e.g. distributors). For charging the storage, hot air from the receiver is passed through the storage system from upward to downward direction, whereby air as a HTF transfers the heat to the storage material. Upon discharging the air mass flow is reversed, whereby cold air enters the storage at the bottom and gets heated up to a high temperature. The hot air is then exiting the storage at the top. This method of charging and discharging the storage results in a thermal gradient being formed over the height of the storage as shown in Fig. 3 
Storage design and basics
Thermal energy storages are often mentioned in the context of the use of renewable energy and rational use of energy. The largest source of energy -the sun -has some special features that make her use difficult: seasonal and diurnal variation of radiation because of the movement of the earth around the sun and fluctuating irradiance by virtue of the weather conditions. To realize a stable and secure energy supply with solar power plant energy storages must be used. Therefore, in the solar thermal electricity generation is the economical thermal energy storage a core component to increase the efficiency of the plant. The energy storages charge the excess energy at maximum solar radiation and may transmit these at lower radiation or at high energy requirements. The energy storages differ in their use. The task of the thermal energy storage is to provide always the required heat energy at fluctuating The short-time-storage may span several hours or days. The long-term-storage may compensate special seasonal heat differences and thus have much larger volume. Moreover, the storage can be categorized into different temperature ranges:
Low-temperature-storage of temperatures of 100 °C Medium-temperature-storage for temperatures between 100 °C and 500 °C High-temperature-storage for temperatures above 500 °C In addition, there are various types of heat storage:
Storage of sensible heat due to temperature change Storage of latent heat by the change of physical state Storage of thermo-chemical heat as binding energy in reactions
As sensible heat is called the heat absorption or release, which is connected to a perceptible change in temperature. As the latent heat is called the thermal energy, which is absorbed or released during a phase transition. It is called latent because the absorption or release of heat leads to no significant change in temperature. Furthermore, there are still active and passive storage systems. In an active system, the storage medium is circulating through the system, in a passive system, the heat transfer medium flows through the heat storage medium.
A thermal storage system from the Jülich solar tower consists of several components, including: a storage tank with insulation, which is divided into four chambers. Each chamber is filled with honeycomb blocks of ceramic material, called heat storage medium, which absorbs the heat in the storage. The individual chambers are lined with high temperature insulation. The storage is a non-pressurized container, so that no special operation control of the storage is necessary. In each storage chamber are several thermal sensors for temperature measurement within the ceramic structure positioned [2] . The measurements are used to control the energy content of the storage. As the heat storage medium, the substance that carries the heat into storage and delivers to the storage medium, air is used in the STJ.
The company KBA CleanAir was responsible for the design, manufacture, installation and commissioning of the designed storage in STJ. Among the physical properties, schedule and financial aspects the dynamic hightemperature storage was commissioned in solar tower power plant in Jülich in 2009.
The STJ storage has in principle the behavior of a regenerator. At high solar radiation, a part of the heat energy can be stored and then removed again demand-oriented. The control of the airflow path is achieved by the shut-off damper and the power control of two blowers. To load the storage with the thermal energy obtained from the receiver hot air of about 680 °C (hot side) is introduced into the storage chambers, and flows cooled down (cold side). As the air cools, the ceramic storage material heats up. When unloading, the flow direction is reversed. Storing and removal of heat are effected according to the required quantity of energy and temperature levels of the individual storage chambers, which may be quite different. The modular design of the STJ storage system allows flexible loading and unloading. The operation of the storage can be adapted to different needs and requirements specifications, so that the technology can show a very wide range of applications. The most important basis of this technology is to allow the continuous cyclical process in heat dissipation.
Simulation of STJ storage
The thermal storage model describes the temporal and spatial behavior of the storage medium which is simulated in discretized form. In each layer, the momentary energy balance and the loss mechanisms are determined using appropriate differential equations. The developed model of the storage system will be integrated into a large model which simulates the entire solar power plant. However the analysis of the system is mainly focusing on the storage system. Results of the simulated process strategies are very valuable and shall be implemented in the operation of the STJ storage.
Following Khartchenko [3] the two-phase model of packed bed storage is reduced to a one-phase model with N layers due to the high heat transfer. The model discretizes the storage in a large number of interacting layers and thus provides detailed information about the temperature distribution within the storage. The honeycomb bricks are traversed by an air flow to transport the heat into the storage-bed or from the storage back. The volume specific heat transfer coefficient between air and solid is sufficiently large, so that the temperature difference between air and solid is small during heat addition and heat dissipation. The thermal conductivity of the ceramic material, in contrast, is low and therefore the heat losses are at a standstill in the absence of the air mass flow over short periods negligibly small, so that each layer i at time t is given by a uniform temperature of the storage medium. Accordingly, the current energy balance is calculated for each layer. The temperature dependent properties of air and of the storage medium and the heat loss to the environment have been considered in this model. However, in the simulation no pressure losses by forced convection and no free convection inside the storage are calculated at standstill.
To achieve the temperature gradient the designed operating parameters are used, this process is called thermocline-zone [4] . The best storage potential would be theoretical in a thermocline-zone, which runs parallel to the temperature axis, see Fig. 3 .
The storage model is implemented in Matlab with the block "S-Function" with the appropriate syntax. With the Simulink block it is possible to adjust custom systems to the requirements. The S-function block divides the signals into an input vector, a state vector and an output vector, see Fig. 4 . Input variables for the model are the inlet mass flow and the gas temperature to the storage device. The current energy balance of a layer can be solved using the following equation:
The developed model considers conventional heat losses of the i-th layer to the environment. Since the specific heat capacity of air is negligible compared to that of the solid that results when loading the energy balance for a layer of storage:
The enthalpies are calculated from material data with the help of an implemented gas function which is temperature dependent. The model represents a simplified system of n equations with n unknown temperatures of the solid substance. For initialization a certain temperature distribution is assumed in the interior storage. The specific heat capacity of ceramic stones is experienced temperature-dependent and is calculated using an empirical formula.
To validate the storage model, some loading and unloading operations were simulated. The simulation results are compared with the measurement data from the power plant operation. For the validation of the operating day was chosen 26/04/2011, as some storage tests have been performed on this day. The following figures show the relevant input parameters of the storage model, including: inlet air temperature. The inlet mass flow is varying between 50 % and 75 % of the nominal mass flow. From the weather data for the location Jülich ambient temperature was determined, see Fig. 5, Fig. 6 . 2 The Biot number is the ratio of the external heat transfer, so the heat transfer from the surface to the surrounding medium, the inner heat transfer, so the conduction of heat through the body. The results of the simulation of a loading process are shown in the following figures. The figure Fig. 7 shows the temperature development in the middle layer of the storage. Overall, the results show that the model gives the temperature distribution of the storage with a great accuracy. The small deviations are due to simplifications of the system. In the context of model validation several loading and unloading operations of the storage have been examined. In this case, the temperature distribution in various levels was compared, the simulation calculations showed very good results.
Conclusions
With the storage model implemented into the overall Jülich power tower model total annual yield calculations can be carried out. Furthermore, hybridized power tower systems with open-volumetric air receiver technology can be simulated. The simulation model has been optimized such that charging and discharging modes can be simulated for the implemented control strategies. In a further step annual energy yield simulations shall be carried out for scaled-up power tower systems of the Jülich type for different locations within the Earth's Sun Belt regions.
